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SPECTROMETER DESIGNS 

PRIORITY APPLICATION 

This application is a continuation application of US. 
patent application Ser. No. 11/141,355 ?led on May 31, 2005 
entitled “Spectrometer Designs”, Which is considered part of, 
and is incorporated herein by reference in its entirety. This 
application also claims priority to US. Provisional Patent 
Application No. 60/685,217 ?led May 27, 2005, entitled 
“Spectrometer Designs”, Which is incorporated herein by 
reference in its entirety. 

BACKGROUND 

1. Field of the Invention 
The invention described herein relates to spectrometers 

including, for example, spectrometers having gratings mono 
lithically integrated With other optical elements. 

2. Description of the Related Art 
Spectrometers are optical instruments that determine the 

spectral content of an optical signal. The output of a spec 
trometer is a spectral distribution of intensity versus Wave 
length, referred to herein as a spectrum. 

Spectrometers are very useful in a myriad of scienti?c and 
technological applications and are the basis of spectroscopy. 
Spectroscopy may, for example, help identify the composi 
tion of materials and may provide information regarding dif 
ferent physical and chemical processes. 

Imaging spectrometers are a special type of spectrometer 
that produces Wavelength spectrums for different spatial loca 
tions in a two-dimensional ?eld. Imaging spectroscopy can be 
accomplished by producing spectrums for a plurality of sites 
along one sWath of the tWo-dimensional ?eld. A recording 
device, such as an array of photodetectors, is located at an 
image plane to record the spectral information for locations 
across the sWath. The instrument is then sWept over the next 
sWath and the spectral response of each portion of the neW 
sWath is measured in a like manner. Spectroscopic informa 
tion can thereby be obtained for a tWo-dimensional array of 
locations. 

Spectrometers are used both in the laboratory and in the 
?eld. For various applications imaging spectrometers may be 
included as payloads in satellites, airplanes, or unmanned 
aerial vehicles (UAVs). Such spectrometers may be used, for 
example, for remote sensing and reconnaissance. In the case 
of imaging spectrometers on satellite and airplane platforms, 
the instrument can be scanned over the tWo-dimensional ?eld 
by the motion of the platform itself. In this Way, a map over 
the spectral response of the entire tWo-dimensional ?eld can 
be created. 
TWo characteristics of spectrometers that are therefore 

desirable are rigidity and small siZe. Rigidity can be impor 
tant to ensure that the instrument maintain precise alignment 
of optical components to achieve desired performance. Over 
its lifetime the instrument can be subjected to vibration and 
other physical stresses that can degrade instrument perfor 
mance if proper alignment of the optical components is lost. 
These types of physical stresses can occur during rocket 
launch of a satellite payload or during turbulence or during 
maneuvering and landing of an airplane or UAV, for example. 
Small siZe is also important because space is generally lim 
ited for airplane and UAV based instruments and especially in 
the case of satellite missions Where extra siZe and Weight can 
add signi?cantly to the cost of placing the satellite in orbit. 
There is a need, therefore, for a spectrometer With increased 
ruggedness and decreased siZe. 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

2 
SUMMARY 

One embodiment of the invention comprises a spectrom 
eter comprising: a ?rst body portion comprising substantially 
optically transmissive material; ?rst and second re?ective 
regions disposed on a ?rst side of said ?rst body portion; a 
re?ective grating disposed on a second side of said ?rst body 
portion; and a second body portion comprising substantially 
optically transmissive material joined to said ?rst body por 
tion With said re?ective grating disposed therebetWeen, 
Wherein said ?rst and second re?ective regions and said 
re?ective grating are arranged With respect to each other such 
that light incident on said ?rst re?ective region is re?ected to 
said grating, diffracted from said grating to said second 
re?ective portion, and re?ected from said second re?ective 
portion into said second body portion. 

Another embodiment of the invention comprises a spec 
trometer comprising: a body comprising a mass of substan 
tially optically transmissive material; a ?rst re?ector; a 
curved re?ective grating, said ?rst re?ector and said curved 
re?ective grating de?ning a ?rst optical path therebetWeen, 
said ?rst re?ector and said re?ective grating disposed With 
respect to said body such that said ?rst optical path substan 
tially comprises said substantially transmissive material; and 
a detector de?ning a second optical path extending from said 
curved re?ective grating to said detector, said second optical 
path substantially comprising said substantially transmissive 
material. 

Another embodiment of the invention comprises a spec 
trometer comprising: a body comprising a mass of substan 
tially optically transmissive material; a ?rst curved re?ector; 
and a re?ective grating, said ?rst curved re?ector and said 
re?ective grating de?ning a ?rst optical path therebetWeen, 
said ?rst curved re?ector and said re?ective grating disposed 
With respect to said body such that said ?rst optical path 
substantially comprises said substantially transmissive mate 
rial, Wherein said re?ective grating is con?gured to re?ect 
broadband light having a bandWidth of at least about 400 
nanometers to a detector via a second optical path comprising 
said substantially transmissive material. 
Another embodiment of the invention comprises a spec 

trometer comprising: a ?rst body portion comprising substan 
tially optically transmissive material; ?rst and second re?ec 
tive regions disposed on a ?rst side of said ?rst body portion; 
and a re?ective grating disposed on a second side of said ?rst 
body portion; Wherein said ?rst and second re?ective regions 
and said re?ective grating are arranged With respect to each 
other such that broadband light at least about 300 nanometers 
in bandWidth propagating through said substantially optically 
transmissive material incident on said ?rst re?ective region is 
re?ected to said grating, diffracted from said grating through 
said substantially optically transmissive material to said sec 
ond re?ective region, and re?ected from said second re?ec 
tive region through said optically transmissive material. 

Another embodiment of the invention comprises a spec 
trometer comprising: a medium comprising substantially 
optically transmissive material; a slit; and a re?ective grating, 
said slit and said re?ective grating de?ning a ?rst optical path 
therebetWeen, said slit and said re?ective grating disposed 
With respect to each other and said medium such that said ?rst 
optical path substantially comprises said substantially trans 
parent material. 

Another embodiment of the invention comprises a spec 
trometer con?gured to be mounted in an unmanned airborne 
vehicle, the spectrometer comprising: a body comprising a 
mass of substantially optically transmissive material; a ?rst 
re?ector; a re?ective grating, said ?rst re?ector and said 
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re?ective grating de?ning a ?rst optical path therebetWeen, 
said ?rst re?ector and said re?ective grating disposed With 
respect to said body such that said ?rst optical path substan 
tially comprises said substantially transmissive material, said 
re?ective grating being con?gured to re?ect light to a detector 
via a second optical path comprising said substantially trans 
missive material; and a housing in Which said body, said ?rst 
re?ector, and said re?ective grating are positioned, Wherein 
said housing is no greater than 1000 cubic centimeters, and 
said housing is con?gured to be mounted in an unmanned 
airborne vehicle receiving area. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic vieW of one embodiment of a spec 
trometer comprising a convex diffraction grating and a pair of 
concave mirrors integrated together in a monolithic structure; 

FIG. 2 is a schematic vieW of an example spectrometer 
entrance slit; 

FIG. 3 is a schematic vieW of light incident upon the 
entrance slit of an example spectrometer Where the propaga 
tion medium on either side of the slit has the same index of 

refraction; 
FIG. 4 is a schematic vieW of light incident upon the 

entrance slit of an example spectrometer comprising material 
having a high index of refraction that causes the light entering 
the spectrometer through the slit to have a reduced cone angle 
Within the instrument; and 

FIG. 5 is a schematic vieW illustrating one con?guration 
Where optical components comprising concentric surfaces 
are used to produce Well-corrected images relatively free of 
optical aberrations. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

FIG. 1 schematically illustrates one embodiment of an 
imaging spectrometer 100. The spectrometer instrument 100 
comprises a generally monolithic assemblage of optical com 
ponents that are integrated together using a rigid support 
structure or main body 110 comprising substantially optically 
transmissive material. As shoWn in FIG. 1 and discussed more 
fully beloW, light collected by the example spectrometer 100 
propagates through the optically transmissive material com 
prising the support structure 110 interacting With optical 
components integrated thereon and/ or therein. 

In this example, these optical components include an 
entrance slit 112, a re?ective surface 114, ?rst and second 
curved mirrors 116, 118, a diffraction grating 120, and a 
sensor 122. The entrance slit 112 is disposed on a turn mirror 
block 124 that includes the re?ective surface 114. The ?rst 
and second curved mirrors 116, 118 and diffraction grating 
120 are disposed on different sides of a meniscus block 126. 
This meniscus block 126 has ?rst and second curved surfaces 
128, 130. The ?rst and second curved mirrors 116, 118 are 
disposed on the ?rst curved surface 128 and the grating 120 is 
disposed on the second curved surface 130. 

The spectrometer instrument 100 further comprises a 
plano-convex block 132 having a ?rst curved surface 134 and 
a second ?at surface 136. The ?rst curved surface 134 on the 
plano-convex block 132 mates With the second curved surface 
130 on the meniscus block 126. The turn block 124 also has a 
planar surface 138 that is butt up against the second ?at 
surface 136 of the plano-convex block 132. The spectrometer 
100 further comprises an output block 140 having ?rst and 
second planar surfaces 142, 143. The ?rst planar surface 142 
on the output block 140 is butt up against the second ?at 
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4 
surface 136 of the plano-convex block 132. A substantially 
optically transmissive adhesive may be used to attach the turn 
block 124 and the output block 140 to the plano-convex block 
132 and the plano-convex block to the meniscus block 126. In 
various preferred embodiments, the substantially optically 
transmissive adhesive has an index of refraction substantially 
matching that of the turn block 124, the output block 140, the 
plano-convex block 132, and the meniscus block 126 to 
reduce Fresnel re?ection. 

In certain preferred embodiments, the spectrometer is sub 
stantially compact. For example, the monolithic structure 110 
comprising the turn block 124, the output block 140, the 
plano-convex block 132, and the meniscus block 126 bonded 
together With adhesive may have a length, L, as shoWn in FIG. 
1, betWeen about 25 millimeters (mm) and 75 mm and a 
Width, W, as shoWn, betWeen about 20 mm and 60 mm. The 
thickness, not shoWn in FIG. 1, may be betWeen about 10 mm 
and 30 mm. Discussions outside these ranges are also pos 
sible. In one embodiment, the monolithic structure 110 has 
dimensions of approximately 50 mm long, 40 mm Wide, and 
22 mm high, although the structure may be larger or smaller. 
In certain embodiments, the spectrometer 100 is also light. 
The monolithic structure comprising the turn block 124, the 
output block 140, the plano-convex block 132, and the menis 
cus block 126 together may, for example, Weigh betWeen 
about 50 grams and 1000 grams, but may be heavier or lighter 
in other embodiments. 
The spectrometer 100 further comprises imaging optics 

144 shoWn in block diagram form in FIG. 1. An optical path 
extends from the imaging optics 144 to the slit 112. The 
spectrometer 100 also may comprise a processor or computer 
146 con?gured to collect images from the sensor 122. This 
processor 146 may comprise electronics electrically con 
nected to the sensor 122, Which may comprise a tWo-dimen 
sional detector array such as a CMOS or CCD solid state 
detector array or a HgCdTe or InSb solid state detector array. 
The image sensor 122 may be included in a package and may 
optionally be cooled by a cooler. 

In certain preferred embodiments, light propagates along 
an optical path through the instrument 100 substantially as 
folloWs. Light emanates or re?ects from a remote object (not 
shoWn) and is collected by the imaging optics 144. The 
remote object can be, for example, the ground beloW in a UAV 
application. The imaging optics 144, Which represents optics 
suitable for conditioning light to serve as the input to the 
instrument 100, forms an image of the remote object onto the 
entrance slit 112 of the spectrometer instrument 100. The 
light passes through the entrance slit 112, diverging, and 
enters the optically transmissive medium Which comprises 
the majority of the optical path through the instrument 100. 
The emerging light beam is directed toWard the re?ective 
surface 114 in the turn block 124. This re?ective surface 114 
is oriented to redirect the light about 900 in the embodiment 
shoWn in FIG. 1 through the plano-convex block 132 and the 
meniscus block 126 to the ?rst mirror 116. The diverging light 
beam re?ects from the ?rst mirror 116, a concave mirror that 
produces a converging beam. 
The ?rst mirror 116 directs the light through the substan 

tially transmissive material in the meniscus block 126 to the 
grating 120. The grating 120 is a convex surface that converts 
the converging beam from the ?rst mirror 11 6 into a diverging 
beam. The grating 120 also diffracts the beam. One order of 
the diffracted beam is directed to the second mirror 118. The 
grating 120 also introduces dispersion such that different 
Wavelengths are diffracted at distinct angles thereby spatially 
separating the different Wavelength components. The dif 
fracted beam propagates through the substantially optically 
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transmissive material in the meniscus block 126 to the second 
mirror 118, Which comprises a concave re?ecting surface. 
Accordingly, the divergent diffracted beam is converted into 
a convergent beam directed through the substantially opti 
cally transmissive material in the meniscus block 126, the 
plano-convex block 132, and the output block 140. After 
exiting the output block 140, the light strikes the sensor 122, 
Which converts optical energy across the spatial extent of the 
sensor into electrical signals Which may be recorded and/or 
processed. The sensor 122, a tWo-dimensional detector array, 
produces signals indicative of the spatial distribution of the 
intensity on the sensor. These signals are conveyed to the 
computer 146 for image processing. 

In certain preferred embodiments, the spectrometer is con 
?gured for light having a broad bandWidth, e.g., about 200, 
300, or 400 nanometers (nm) or more. For example, certain 
embodiments are con?gured for visible light having a Wave 
length betWeen about 400-800 nm or 450-900 nm. The design 
(e.g., shape, siZe, materials, etc.) and location of the optical 
components (e.g., grating, re?ectors, detector, etc.) may be 
selected such that broadband light can be processes by the 
spectrometer 100. Larger or smaller bands are also possible. 
The imaging optics 144 may comprise one or more lens 

elements in certain embodiments. For example, the imaging 
optics 144 may comprise a lens or lens system similar to that 
used in a camera. Zoom or Wide ?eld optics may be 
employed. The imaging optics 144 may have a focal length 
betWeen about 20-100 millimeters (mm) and an f-number 
betWeen about 2 and 4 in some embodiments, although values 
outside these ranges are possible. The imaging optics 144 are 
disposed With respect to the slit 112 to form an image on the 
slit. This image may, for example, be about 5 mm to 25 mm 
Wide and high in certain embodiments, and the imaging optics 
144 may be a distance, e.g., betWeen about 5 mm and 100 mm 
from the slit. The type and con?guration of the imaging 
optics, hoWever, is not limited as other types of imaging optics 
and other designs can be employed. The image formed on the 
slit 112 Will also vary in siZe and shape. 
An exemplary slit 112 is depicted in FIG. 2. The slit 112 

may have a height, a, betWeen about 5 mm and 25 mm, e.g., 
about 10 mm, and a Width, b, betWeen about 5 microns and 50 
microns, e.g., about 10 microns. More generally, the slit 112 
is an aperture through Which light enters the spectrometer 
100. This aperture 112 may have different shapes and differ 
ent dimensions as Well. In certain preferred embodiments 
Where the spectrometer 100 comprises an imaging spectrom 
eter, the slit 112 is elongated so as to pass light corresponding 
to an elongated portion of the image ?eld, referred to above as 
a sWath. In some embodiments, hoWever, the aperture 112 
may not be elongated and may, e.g., be a point aperture 
comprising a small round hole. Such apertures may be used 
for non-imaging spectrometers, for example. 

The aperture 112 may comprise an opening in a mask 148 
comprising, for example, metal or other opaque material. 
This metal may be deposited on a front surface of the turn 
block 124; see FIG. 1. The mask 148 and aperture 112 may be 
formed using photolithographic techniques. In other embodi 
ments, the mask 148 may be attached to the front surface of 
the turn block 124, for example, by adhesive. Other types of 
apertures 112 may be used and the aperture may be secured to 
the spectrometer 100 in other Ways. The aperture 112 may 
also be located elseWhere. For example, in embodiments that 
do not employ the turn block 124, the aperture 112 may be 
disposed on the surface 136 of the plano-convex block 132. 
Alternatively, the aperture 112 may be separate from the main 
body 110 of the spectrometer 100. Other con?gurations are 
also possible. 
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6 
The turn block 124, shoWn in FIG. 1, may comprise sub 

stantially optically transmissive material such as, for 
example, glass. Fused silica may be employed in certain 
preferred embodiments. Other materials may be employed as 
Well. The front face of the turn block 124 may be polished. As 
described above, the aperture 112 can be disposed on this 
front face. The turn block 124 may further be polished to form 
the re?ective surface 114. Light propagating from the slit 112 
through the turn block 124 may be re?ected from this re?ec 
tive surface 114 by total internal re?ection. Alternatively, the 
re?ective surface 114 may comprise a re?ective material such 
as metal or a dielectric re?ector. Other designs are possible. 
As discussed above, the re?ective surface 114 may be 

oriented to direct the light propagated through the slit 112 
along a path toWard the ?rst mirror 116. This re?ective sur 
face 114 may therefore be oriented at about 900 in some 
embodiments; hoWever, the orientation may vary depending 
on the con?guration and design. 
The turn block 124 may assist in the packaging and 

arrangement of the components. For example, the turn block 
124 may alloW the imaging optics 144 to be farther aWay from 
the sensor 122. In certain embodiments, hoWever, the turn 
block 124 and/ or the re?ective surface 114 may be excluded. 
For example, the light beam from the slit 112 may directly 
propagate to the ?rst mirror 116 Without being redirected by 
a re?ective element. 
As demonstrated by FIGS. 3 and 4, the substantially opti 

cally transmissive material of the turn block 124 and other 
components comprising the main body 110 through Which 
the light propagates in the spectrometer may advantageously 
enable a more compact design. These components include, 
for example, the plano-convex block 136 and the meniscus 
block 126 shoWn in FIG. 1. 

In particular, the substantially optically transmissive mate 
rial may have a higher index of refraction than that of the 
environment surrounding the spectrometer 100 such that light 
is refracted upon entering the spectrometer 100. A compari 
son is presented in FIGS. 3 and 4 of the cases Where light 
propagates through air Within the spectrometer 100 and light 
propagates through a medium having a higher refractive 
index in the spectrometer 100. In particular, FIG. 3 shoWs 
light propagating through a region 150 comprising air and 
passing through an aperture 152 into a region 154 also com 
prising air. No refraction is present as the medium is the same 
on both sides of the aperture 152. In contrast, FIG. 4 shoWs 
light propagating through a region 156 comprising air and 
passing through an aperture 158 into a region 160 comprising 
material such as glass, Which has a higher refractive index 
than air. The light is refracted. FIG. 4 shoWs hoW a cone of 
light rays 162 passing through the aperture 158 has a smaller 
siZe Within the material than in the air. This reduction in the 
siZe of the cone of rays 162 enables optics having a smaller 
siZe to be used in the spectrometer design. 
As shoWn in FIG. 1, a cone of rays entering the spectrom 

eter 100 through the slit 112 is refracted in the turn block 124 
comprising a substantially optically transmissive material 
having a higher refractive index. The resultant cone of rays in 
the turn block 124 and similarly in the spectrometer 100 
comprising the substantially optically transmissive material 
is likeWise reduced. Smaller optics can therefore be used. 
Accordingly, the optics Within the spectrometer 100 may 
have a higher f-number (or reduced numerical aperture). Nev 
ertheless, the spectrometer 100 collects a larger cone of light 
equivalent to a smaller f-number (or increased numerical 
aperture). A compact spectrometer design that collects more 
light can thus be achieved by propagating the light Within the 
spectrometer 100 through a medium having a higher refrac 
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tive index than the medium outside the spectrometer, Which 
Will likely comprise air or vacuum. Accordingly, the light is 
propagated through the main body 110 in the spectrometer 
100, Which comprises a substantially optically transmissive 
material such as glass, Which has an index of refraction of 
about 1.5 in some cases. 
As discussed above in connection With FIG. 1, the main 

body 110 of the spectrometer 100 further comprises the 
plano-convex block 132. This plano-convex block 132 com 
prises substantially optically transmissive material, such as 
glass, having an index of refraction greater than air or 
vacuum. The plano-convex block 132 may also comprise 
fused silica in certain preferred embodiments. The plano 
convex block 132 may be polished to provide the ?rst curved 
surface 134 and a second ?at surface 136. The curved surface 
134 may be spherically shaped. The distance separating the 
?rst curved surface 134 and a second ?at surface 136 at the 
center may be betWeen about 5 mm and 20 mm. This plano 
convex block 132 may have a Width betWeen about 20 mm 
and 60 mm. The radius of curvature of the ?rst curved surface 
134 may be betWeen about 15 mm and 30 mm and may match 
the curvature of the grating 120 in certain preferred embodi 
ments. Other dimensions can also be used. 
As discussed above, the planar surface 138 of the turn 

block 124 is butt up against the second ?at surface 136 of the 
plano-convex block 132. Light from the slit 112 thus is 
re?ected by the re?ective surface 114 on the turn block 124 
into the plano-convex block 132. This light propagates 
through the higher index material comprising the plano-con 
vex block 132. 

Adhesive may be used to bond the planar surface 138 on the 
turn block 124 to the second ?at surface 136 on the plano 
convex block 132. This adhesive may have an index of refrac 
tion substantially similar to the substantially optically trans 
missive material comprising the turn block 124 and the plano 
convex block 132. Such index matching may reduce Fresnel 
re?ections. 
As discussed above in connection With FIG. 1, the main 

body 110 of the spectrometer 100 further comprises the 
meniscus block 126. This meniscus block 126 also comprises 
substantially optically transmissive material, such as glass, 
having an index of refraction greater than air or vacuum. The 
meniscus block 126 may comprise fused silica in certain 
preferred embodiments. The meniscus block 126 may be 
polished to provide the ?rst and second curved surfaces 128, 
130. These curved surfaces 128, 130 may be rotationally 
symmetrical, and more particularly, spherically shaped. The 
distance separating the ?rst and second curved surfaces 128, 
130 at the center (e.g., through the optical axis) may be 
betWeen about 10 mm and 30 mm. This concave-convex 
block 126 may have a Width betWeen about 20 mm and 60 
mm. The radius of curvature of the ?rst curved surface 128 
may be betWeen about 30 mm and 60 mm and may have the 
same center of curvature of the second curved surface 130 as 
discussed more fully beloW. The curvature of the second 
curved surface 130 may be betWeen about 15 mm and 30 mm 
and may be about one-half the radius of curvature of the ?rst 
curved surface 128 in some embodiments also discussed 
beloW. Other dimension can be used as Well. In certain 
embodiments, the radius of curvature of the second curved 
surface 130 matches the curvature of the grating 120 in cer 
tain embodiments. 

The ?rst and second curved mirrors 116, 118 are disposed 
on the ?rst curved surface 128 and the grating 120 is disposed 
on the second curved surface 130. The ?rst and second curved 
mirrors 116, 118 may be formed, for example, by metalliZing 
portions of the ?rst curved surface 128 on the meniscus block 
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126. A metalliZed region may extend through and include 
both the ?rst curved mirror 116 and the second curve mirror 
118. In other embodiments, separated regions of metalliZa 
tion may be used to form the ?rst and second curved mirrors 
116, 118. Dielectric coatings may be employed in some 
embodiments. 

Other methods of forming mirrors on the ?rst curved sur 
face 128 may also be used. In some embodiments, the ?rst 
and/or second mirrors 116, 118 are mounted proximal to, 
possibly spaced apart from, the ?rst curved surface 128. Index 
matching material may be used in such embodiments to 
reduce re?ection. In some embodiments, adhesive having 
suitable refractive index to reduce Fresnel re?ection may be 
employed to adhere the mirrors 116, 118 to the ?rst curved 
surface 128. Still other methods may be used to provide 
re?ective surfaces near the ?rst curved surface. 
The curved grating 120 may be formed on the second 

curved surface 130 of the meniscus block 126, for example, 
using photolithographic techniques. For example, metal may 
be deposited on the second curved surface 130 and patterned 
using, e.g., photoresist. Other approaches may be employed. 
The grating 120 comprises a holographic optical element 
formed by holographic techniques. In some embodiments, 
loW diffractive orders (e.g., n:1, etc.) are used. LoW diffrac 
tive orders such as n:2, 3, 4, or 5 could also be used. The loW 
order may, for example, be directed to the second mirror 118 
and conveyed to the sensor 122. Other orders may also be 
used. 

In some embodiments, the grating 120 is mounted proxi 
mal to, possibly spaced apart from, the second curved surface 
130. Index matching material may be used in such embodi 
ments to reduce re?ection. Accordingly, in some embodi 
ments, the ?rst and second curved mirrors 116, 118 can be 
spaced apart from (but disposed on a ?rst side of) the menis 
cus block 126 and the grating 120 can be spaced apart from 
(but disposed on a second side of) the meniscus block. Still 
other con?gurations are possible. 
As discussed above, the plano-convex block 132 is mated 

With the meniscus block 126. The ?rst curved surface 134 on 
the plano-convex block 132 may be butt up against the second 
curved surface 130 on the meniscus block 126. Adhesive may 
be used to bond the tWo surfaces 134, 130 together. This 
adhesive may have an index of refraction substantially similar 
to the substantially optically transmissive material compris 
ing the meniscus block 132 and the plano-convex block 132. 
Such index matching may reduce Fresnel re?ections. 

Accordingly, light from the slit 112 is re?ected by the 
re?ective surface 114 on the turn block 124 into the plano 
convex block 132 and through the substantially optically 
transmissive material in the meniscus block 126. The light 
reaches the ?rst mirror 116 Where the light is re?ected back 
through the substantially optically transmissive material in 
the meniscus block 126 to the diffraction grating 120. This 
light is diffracted by the re?ective grating 120 and is directed 
once again through the substantially optically transmissive 
material comprising the meniscus block 126 to the second 
mirror 118. The light is re?ected from the second mirror 118 
again through the optically transmissive material in the 
meniscus block 126 and proceeds into the plano-convex 
block 132. Accordingly, the light propagates substantially 
through high index material betWeen the slit 112 and the ?rst 
mirror 114, the ?rst mirror and the grating 120, the grating 
and the second mirror 118 and to the plano-convex block 132. 
The light also propagates through high index material Within 
the plano-convex block 132. 
As discussed above in connection With FIG. 1, the main 

body 110 of the spectrometer 100 also comprises the output 
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block 140. This output block 140 similarly comprises sub 
stantially optically transmissive material, such as glass, hav 
ing an index of refraction greater than air or vacuum. The 
output block 140 may comprise fused silica in certain pre 
ferred embodiments. The output block 140 may be polished 
to provide ?rst and second planar surfaces 142, 143. The 
distance separating the ?rst and second planar surfaces 142, 
143 at the center may be betWeen about 5 mm and 20 mm. 
This output block 140 may have a Width betWeen about 10 
mm and 30 mm. In certain preferred embodiments, the length 
of the output block 140 is suf?ciently large such that a sub 
stantial portion of the path from the second mirror 118 to the 
sensor 122 comprises high index material. The Width of the 
optical block 140 may also be at least as large to accommo 
date the Width of the beam from the second mirror 118 to the 
sensor 122 in certain embodiments. Other siZes and shapes 
for the output block 140 are also possible. 

As discussed above, the output block 140 is mated With the 
plano-convex block 132. The ?rst planar surface 142 of the 
output block 140 may be butt up against the second planar 
surface 136 of the plano-convex block 132. Adhesive may be 
used to bond the tWo surfaces 142, 136 together. This adhe 
sive may have an index of refraction substantially similar to 
that of the substantially optically transmissive material com 
prising the plano-convex block 132 and the output block 140. 
Such index matching may reduce Fresnel re?ections. 
The spectrometer 100 further comprises the sensor 122 as 

discussed above. The sensor 122 may comprise a detector 
array comprising a tWo-dimensional array of detectors or 
pixels. Such a sensor 122 may comprise a CMOS detector or 
a CCD detector. Other types of detectors may also be used. 
For example, the sensor 112 may comprise mercury cadmium 
telluride (HgCdTe) or indium antimonide (InSb). Still other 
types of sensors are possible. The sensor 122 may be sensitive 
to UV, visible or IR radiation. 

Also shoWn in FIG. 1 is a camera WindoW 145 used to 
package and protect the image sensor 122. The image sensor 
122 may be in a package (not shoWn). This package may 
include the WindoW 145 through Which light passes to reach 
the detector array. 

The sensor 122 also may be located at the focal plane of the 
second mirror 118. The sensor 122 may also be located at the 
conjugate image plane to the slit 112 established by the optics 
(e. g., the ?rst relay mirror 1 1 6, the grating 120, and the second 
relay mirror 118). Accordingly, the distance from the second 
mirror 118 to the sensor 122 may be betWeen about 30 mm to 
60 mm in some embodiments. The sensor 122 may be located 
elseWhere as Well. Although not shoWn in FIG. 1, the sensor 
122 may be mounted to the output block 140 in some embodi 
ments. As discussed above, the sensor 122 may be located at 
an image plane conjugate to the slit 112. 

In certain preferred embodiments, the sensor 122 is in 
communication With the imaging processing computer 146 
such that intensity spectrums may be recorded. This image 
processing computer 146 may be in communication With 
other devices including but not limited to display devices, 
storage media, or other computing or processing apparatus. 
The spectrometer components, e.g., the main body 110, 

possible the imaging optics 144, sensor 122, and/or image 
processing computer 146, can be included in or mounted on a 
housing (not shoWn). The spectrometer housing may include 
sockets, threaded holes, bolts, brackets, clamps, and/or other 
fastening arrangements for mounting, for example, in a com 
partment or bay or other appropriate location. The housing 
may further include a connection including poWer and elec 
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trical signals Which can be coupled to the sensor 122, scan 
ning actuators, computer or processor 146, cooler, etc., if 
present. 

This housing may protect the spectrometer components. 
The spectrometer 100 may be included in satellites, airplanes/ 
helicopters, unmanned aerial vehicles or on other platforms 
as Well, such as in boats, ships, trucks, cars, balloons, rockets, 
or other vehicles. The spectrometers 100 may be located 
elseWhere such as in stations (e.g., Weather or research sta 
tions, buoys, etc.) in the ?eld, in laboratories, in manufactur 
ing plants, and in medical facilities. The location and use of 
these spectrometers is not limited. 
As described above, the spectrometer 100 may comprise an 

imaging spectrometer that produces Wavelength spectrums 
for different spatial locations in a tWo-dimensional ?eld. The 
tWo-dimensional image ?eld can be imaged by the imaging 
optics 144 onto the slit 122. The slit 144 can selectively pass 
one sWath across the tWo-dimensional image at a time. Spec 
trums for a plurality of sites along the sWath can be produced 
as a result of the Wavelength dispersion of the grating 120. 
These spectral distributions are mapped onto the sensor 122 
by the second mirror 118. One spectral distribution may, for 
example, be mapped across a roW of photodetectors in the 
detector array 122. Multiple roWs of photodetectors in the 
sensor 122 may record the spectra for locations across the 
sWath in this example. The tWo-dimensional image ?eld is 
shifted With respect to the slit 112 to produce the next sWath 
and the spectra of each portion of the neW sWath is measured 
in a like manner. Measurements for multiple sWaths can be 
obtained and assembled to produce spectra for a tWo-dimen 
sional array of locations. Shifting of the spectrometer 100 
Which may be mounted on a movable platform such as a 
satellite, airplane, or UAV may permit multiple sWaths to be 
obtained. In other embodiments, the object may be moved 
With respect to the spectrometer 100 in other Ways. In certain 
embodiments, for example, movable optics coupled to a pro 
cessor controlled actuator may be included to sWeep through 
multiple sWaths. 

In addition to being con?gured to provide imaging, the 
optical components 112, 116, 120, 118 may yield Well-cor 
rected imaging. As described above, the ?rst and second 
mirrors 116, 118 and the grating 120 may have substantially 
the same center of curvature as discussed more fully beloW. 
Additionally, the radius of curvature of the ?rst and second 
mirrors 116, 118 may be substantially the same and may be 
about one-half the radius of curvature of the grating 120. In 
certain embodiments, hoWever, the ?rst and second mirrors 
116, 118 and the grating 120 may be nearly concentric. The 
centers may be slightly offset. Such a design provides for 
improved imaging. 

FIG. 5 schematically illustrates such an embodiment 
Where optical components 500 comprising concentric sur 
faces are used to produce a Well-corrected image of an object 
With substantially reduced optical aberrations. The optical 
path through the con?guration shoWn in FIG. 5 begins at the 
object plane 570 from Which light propagates to a ?rst curved 
re?ector 550. The ?rst curved re?ector 550 re?ects the light to 
the curved re?ection grating 540 Where the light is diffracted 
and redirected to the second curved re?ector 560. The second 
curved re?ector 560 re?ects the light to the image plane 580. 
The re?ection grating 540 has a spherical, convex surface 

de?ned by a sphere 520 With radius R1. Similarly, both of the 
curved re?ectors 550 and 560 are spherical concave mirrors 
Whose surfaces are de?ned by a second sphere 530 With 
radius R2. Thus, re?ectors 550 and 560 have positive poWer 
and cause the light passing through the system 500 and inci 
dent thereon to converge. Conversely, the re?ection grating 
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540 has negative power and causes the light incident thereon 
to diverge, as shown. The distance from the object plane 570 
to the ?rst curved re?ector 550 and from the second curved 
re?ector 560 to the image plane 580 can be approximately 
equal to the focal length of the curved re?ectors 550 and 560. 
In certain preferred embodiments the radius R2 of the second 
sphere 530 is approximately tWice the radius R1 of the ?rst 
circle 520. Additionally, the sphere 520 and 530 are substan 
tially concentric about a shared center 510. 

The con?guration illustrated in FIG. 5 has many advan 
tages from the perspective of an optical imaging system. For 
example, the illustrated con?guration of optical components 
500 is characterized by unity magni?cation Which may help 
to eliminate distortion of the object image formed at the 
image plane 580. Furthermore, the exact curvatures of the 
re?ection grating 540, the ?rst curved re?ector 550, and the 
second curved re?ector 560 can be chosen to display excel 
lent spatial imaging characteristics over the entire image 
plane 580 by correcting the image for astigmatism and ?eld 
curvature. Such correction can be accomplished by choosing 
the curvatures such that the re?ection grating 540 and the 
curved re?ectors 550 and 560 each substantially compensate 
for optical aberrations introduced by one another. Field cur 
vature can thereby be decreased. Chromatic aberration is also 
reduced as re?ecting optical elements are employed. Finally, 
the con?guration of optical elements 500 is relatively simple 
to manufacture due to the spherical surfaces of the optical 
components. 

The spectrometer 100 in FIG. 1 may be con?gured accord 
ing to the design in FIG. 5. In particular, the ?rst and second 
mirrors 116, 118 and the grating 120 may be substantially 
concentric. The radii of curvature of the ?rst and second 
mirrors 116, 118 may be substantially the same. Additionally, 
the radius of curvature of the grating 120 may be about 
one-half the radii of curvature of the ?rst and second mirrors 
116, 118. Substantial aberration reduction may thereby be 
provided. 

FIGS. 1 and 5 illustrate one possible con?guration of opti 
cal elements. Many other con?gurations are possible. Addi 
tionally, the design may deviate from perfectly concentric. 
For example, the center points of spheres 520 and 530 can be 
offset by as much as 3 mm. This offset may correspond, for 
example, to as much as about 15% of the radius of curvature, 
R1. In certain embodiments, the offset is in a direction paral 
lel to the Z-axis shoWn in FIG. 5. Similarly, the length of the 
radius R2 of sphere 530 can deviate from tWice the length of 
the radius R1 of sphere 520 by as much as 10% of R2. Such 
offsets may improve performance in certain embodiments. 
The center of curvatures of the ?rst and second mirrors 116, 
118 can also be offset by as much as 5 mm. Similarly, the radii 
of curvatures of the ?rst and second mirrors 116, 118 can be 
different by as much as 10%. Values outside these ranges are 
also possible. 

Spectrometer designs other than those speci?cally recited 
herein are also possible. For example, additional optical and 
mechanical components can be incorporated Within the 
instrument 100. In certain embodiments it is also possible to 
exclude or substitute one or more of the components illus 
trated in FIG. 1. Similarly, different arrangements and con 
?gurations may be used. Different shapes, siZes, and materi 
als may be employed. 

For example, an embodiment of the invention may incor 
porate a single mirror rather than the tWo mirrors 116, 118 
illustrated in FIG. 1. In some embodiments, the mirrors may 
be excluded. Conversely, additional mirrors may be added. 
The mirror or mirrors 116, 118 as Well as the grating 120 may 
be shaped differently. The mirrors 116, 118 may be convex or 
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planar. Aspheric, cylindrical, or other shapes are also pos 
sible. Similarly the grating 120 may be concave or planar in 
other embodiments. The grating 120 may be aspheric or 
cylindrical. As described above, the aperture 112 may com 
prise a slit, may be a circular or point aperture, or have other 
shapes. In some embodiments, the aperture 112 may be 
excluded. 

Also as discussed above, the aperture 112 need not be 
formed on the turn block 124. In some embodiments, for 
example, the aperture 112 may be formed on the plano-con 
vex block 132. The grating 120 may also be formed on the 
plano-convex block 132 in certain embodiments; hoWever, 
forming the grating on a concave surface offers manufactur 
ing advantages. The aperture 112, mirrors 116, 118, and the 
grating 120 need not be formed directly on the surface of the 
main body 110, e.g., turn block 124 and the meniscus block 
126. Separate structures may be used for the aperture 112, one 
or more of the mirrors 116, 118, and the grating 120 in other 
embodiments and these components may be spaced apart 
from the main body 110. Index matching may be provided in 
some embodiments. In some embodiments, the ?rst and sec 
ond curved mirrors 116, 118 can be spaced apart from (but on 
a ?rst side of) the meniscus block 126 and the grating 120 can 
be spaced apart from (but on a second side of) the meniscus 
block. Still other con?gurations are possible. 
The main body 110, for instance, can be con?gured differ 

ently. For example, the main body 110 may be shaped differ 
ently and may comprise different components. For example, 
any one of the turn block 124, plano-convex block 132, 
meniscus block 126, and output block 140 can be excluded, 
split into more than one portion, or shaped differently. For 
example, the meniscus block 126 can be replaced With a block 
having planar surfaces rather than curved surfaces 128, 130. 
Similarly, the plano-convex block 132 can have a planar 
surface instead of a curved surface 134. Alternatively, the 
shape of the curved surfaces can be changed, for example, 
from concave to convex or convex to concave or may have 

other shapes as Well. Aspheric, cylindrical, or other shapes 
may be used in some embodiments. Additionally, curvature 
may be added in some case. For example, the ?at surface 136 
on the plano-convex block 132 may be non-?at. Similarly, the 
surfaces (e.g., front surface, surface 138, and re?ective sur 
face 114) on the turn block 124, the second surface 136 on the 
plane-convex block 132, as Well as the surfaces 142, 143 on 
the output block may be other than ?at. These surfaces may be 
curved to include optical poWer in some embodiments or may 
be matched With complementary surfaces. 

Additionally, the main body 110 may comprise more or 
feWer portions. For example, the meniscus-block 126 can be 
split up into more than one part. Similarly, any of the plano 
convex block 132, the turn block 124, and the output block 
140 can be split into tWo or more sections. These sections may 
be bonded together and index matched in certain embodi 
ments. One or more ofthe portions 126, 132, 124, 140 ofthe 
main body 110 described With reference to FIG. 1 can also be 
excluded. The output block 140 may be excluded and light 
may propagate through air to the sensor 122. Alternatively, 
the plano-convex block 132 may be shaped differently to 
provide additional material through Which the light propa 
gates to the sensor 122. The turn block 124 may be excluded 
(or arranged so as not to provide a turn.) In some embodi 
ments, the monolithic structure 110 may comprise simply a 
single portion such as the meniscus block 126 or a differently 
shaped portion that replaces the meniscus block. A grating 
and one or more mirrors or a slit may be integrated together 
With this portion. The sensor 122 may also be included. 



US 7,898,660 B2 
13 

While glass and, in particular, fused silica have been dis 
closed as a suitable substrate material, this does not preclude 
the use of other materials. Other materials substantially opti 
cally transmissive to the Wavelength for Which the spectrom 
eter is to operate may be used. Other materials may be chosen 
based on their mechanical and optical properties, such as 
rigidity, coe?icient of thermal expansion, transparency in the 
selected band of Wavelengths, and index of refraction. 

Additionally, in certain embodiments, different portions of 
the main body 110 may comprise different materials. For 
example, the meniscus block 126 may comprise a ?rst mate 
rial and the plano-convex block 132 may comprise a second 
different material. These materials may be closely index 
matched in certain embodiments and may have coef?cients of 
thermal expansion that yield reduced movement of the optical 
components With temperature variation. The concentric 
design and other designs may provide compensation for ther 
mal stresses and thermal expansion in some embodiments. 

Different techniques may be used to connect the different 
portions of the main body 110. As described above, an adhe 
sive or cement may be used to bond the different blocks 124, 
132, 124, 140 together. In certain preferred embodiments, 
these adhesives or cements are substantially optically trans 
missive to the Wavelength of operation and may be have an 
index similar to that of the blocks to provide index matching. 
In some embodiments, the blocks contact one another directly 
and are held in place using methods other than an adhesive. 
These blocks 124, 132, 124, 140 may be mounted on a struc 
ture that holds the blocks in place. Index matching ?uid or 
material may be disposed betWeen the blocks 124, 132, 124, 
140. In other embodiments the blocks 124, 132, 124,140 may 
be otherwise fused together. 
Some bene?ts and advantages of the embodiments of the 

present invention described above include rigidness and com 
pact siZe. As discussed, certain preferred embodiments of the 
invention have a substantially monolithic design Where the 
optical components of the spectrometer 100 can be disposed 
on the surface of or embedded in an optically transmissive 
material, for example fused silica. Because fused silica is a 
rigid, durable material, the spectrometer 100 exhibits good 
durability and rigidity. This characteristic presents a signi? 
cant advantage in terms of alignment of the optical compo 
nents comprising the instrument. In some embodiments, for 
example, the optical components of the spectrometer 100 can 
be fabricated on a surface of one or more blocks of fused silica 

substrate. The blocks can then be carefully aligned and may 
be bonded in place. Once bonded together, the instrument acts 
as a single body of material and can therefore be substantially 
resistant to the effects of vibration and mechanical shock 
Which might otherWise disrupt the precise optical alignment 
of the spectrometer instrument 100. Fused silica also has a 
loW thermal expansion coef?cient, making for a temperature 
stable design. 

In contrast, other spectrometers may instead employ 
mechanical alignment mechanisms in the optical mounts for 
each component, Which can increases the siZe, Weight, and 
cost of the instrument. Furthermore, the non-monolithic 
design of traditional spectrometers may be prone to misalign 
ment during normal use and its accompanying vibrations and 
mechanical shocks. 

Embodiments of the present invention also advantageously 
can be designed to have a relatively compact siZe Without 
necessarily sacri?cing important optical performance. 
Though the siZe of traditional spectrometers can be decreased 
by incorporating smaller optical components, decreasing the 
usable aperture of the instrument can adversely affect its 
light-gathering poWer Which may have a detrimental affect on 
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the speed of the instrument and the resolution of the image 
produced. As has been previously discussed, embodiments of 
the invention alleviate the problem associated With reducing 
the aperture siZe of the optical components in the spectrom 
eters by incorporating a substantially optically transmissive 
material such as fused silica in a majority of the optical path 
inside the instrument. A spectrometer laid out in fused silica 
increases the acceptance angle of light entering the instru 
ment. The optical throughput of a spectrometer in fused silica 
(or other optically transmissive material having an index of 
refraction greater than that of air or vacuum) is higher than the 
optical throughput of a like-siZed spectrometer Where the 
optical path comprises air or a vacuum. Use of a higher 
refractive index medium alloWs for the design of a smaller 
instrument Without sacri?cing optical throughput. 

Accordingly, since the F-number of light increases as it 
enters the instrument 100, the instrument can be designed to 
have a relatively high effective F-number With smaller diam 
eter optical components While still accepting an amount of 
light comparable to a larger instrument With a loWer effective 
F-number. Thus, utiliZing an optically transmissive material 
(e.g., glass) that has a high index of refraction relative to the 
environment surrounding the spectrometer 100 enables a 
small instrument With optical speed comparable to that of a 
larger instrument to be realiZable. Small siZe can be an impor 
tant advantage for imaging spectrometers. Since the instru 
ment 100 has a relatively high optical speed for its siZe, 
exposure times of the detector array can also be short, Which 
can in turn alloW for higher resolution scanning since the time 
betWeen scans can be shorter. 

In one embodiment of the invention substantially incorpo 
rating fused silica throughout the optical path of the light 
Within the spectrometer, a compact imaging spectrometer 100 
is obtained that is approximately 50 mm long, 40 mm Wide, 
and 22 mm high. In some embodiments of the invention, 
materials With indexes of refraction greater than that of fused 
silica may be used to further increase light throughput and 
achieve even smaller designs. 

This strikingly small spectrometer instrument 100 can be 
used in a Wide range of applications. As discussed above, the 
spectrometer instrument 100 may be used for military, 
research, manufacturing, medical, and other applications. 
The spectrometers 100 may be located in stations (e.g., 
Weather or research stations, buoys, etc.) in the ?eld, in labo 
ratories, in manufacturing plants, in medical facilities, etc. 
The spectrometer 100 may be included in satellites, airplanes 
and helicopters, unmanned aerial vehicles or on other plat 
forms as Well, such as in boats, ships, trucks, cars, balloons, 
rockets, or other vehicles. The location and use of these spec 
trometers is not limited. 

The spectrometer 100 may be used in the Visible-Near IR 
band (400-1000 nm), the Short Wave Infrared (SWIR) band 
(900-2500 nm), the MidWave Infrared (MWIR) band (3-5 
microns), and the LongWave Infrared (LWIR) band (8-12 
microns). Furthermore, spectrometers designed for use in 
other spectral bands are possible as Well. For example, 
embodiments of the invention could be designed foruse in the 
UV band. 

Various embodiments of the invention have been described 
above. Although this invention has been described With ref 
erence to these speci?c embodiments, the descriptions are 
intended to be illustrative of the invention and are not 
intended to be limiting. Various modi?cations and applica 
tions may occur to those skilled in the art Without departing 
from the true spirit and scope of the invention as de?ned in the 
appended claims. 
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What is claimed is: 
1. A monolithic imaging spectrometer comprising: 
a body comprising a mass of substantially optically trans 

missive material; 
a slit disposed on said mass of substantially optically trans 

missive material; 
a ?rst concave re?ector, said ?rst re?ector and said slit 

de?ning a ?rst optical path therebetWeen, such that the 
?rst optical path comprises said substantially optically 
transmissive material; 

a curved re?ective grating, said ?rst re?ector and said 
curved re?ective grating de?ning a second optical path 
therebetWeen, said ?rst re?ector and said re?ective grat 
ing disposed With respect to said body such that said 
second optical path substantially comprises said sub 
stantially transmissive material; and 

a second concave re?ector disposed such that light dif 
fracted from said curved re?ective grating is re?ected 
from said second re?ector onto an imaging detector 
array; 

Wherein the slit, the ?rst re?ector, the second re?ector and 
the curved re?ective grating are integrated With the body 
in a monolithic assembly, 

Wherein the ?rst re?ector is disposed on a ?rst convex 
portion of said body, 

Wherein the second re?ector is disposed on a second con 
vex portion of said body, and 

Wherein the re?ective grating is convex and is disposed on 
a concave portion of said body. 

2. The spectrometer of claim 1, Wherein said ?rst re?ector 
has a curvature de?ned by a ?rst sphere having a ?rst radius, 
said second re?ector has a curvature de?ned by a second 
sphere having a second radius, and said re?ective grating has 
a curvature de?ned by a third sphere having a third radius. 

3. The spectrometer of claim 1, Wherein the ?rst re?ector 
has a curvature de?ned by a ?rst radius of curvature and the 
re?ective grating has a curvature de?ned by a third radius of 
curvature and Wherein the third radius of curvature is about 
half the ?rst radius of curvature. 

4. The spectrometer of claim 1, Wherein the second re?ec 
tor has a curvature de?ned by a second radius of curvature and 
the re?ective grating has a curvature de?ned by a third radius 
of curvature and Wherein the third radius of curvature is about 
half the second radius of curvature. 

5. The spectrometer of claim 1, Wherein the ?rst re?ector 
has a ?rst radius of curvature, the second re?ector has a 
second radius of curvature and the re?ective grating has a 
third radius of curvature and Wherein said third radius of 
curvature is about half the ?rst and second radii of curvature. 

6. The spectrometer of claim 1, Wherein the spectrometer is 
con?gured to operate Within the Wavelength range of approxi 
mately 400 nm to approximately 1000 nm. 

7. The spectrometer of claim 1, Wherein the monolithic 
spectrometer is con?gured to operate Within the range of 
approximately 900 nm to approximately 2500 nm. 

8. The spectrometer of claim 1, Wherein the monolithic 
spectrometer is con?gured to operate Within the range of 
approximately 3 um to approximately 5 pm. 

9. The spectrometer of claim 1, Wherein the monolithic 
spectrometer is con?gured to operate Within the range of 
approximately 8 um to approximately 12 um. 

10. The spectrometer of claim 1, Wherein said substantially 
transmissive material comprises fused silica. 

11. The spectrometer of claim 1, Wherein said body has a 
Width betWeen about 5 centimeters and 10 centimeters. 

12. The spectrometer of claim 1, further comprising the 
imaging detector array, said imaging detector array compris 
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ing a tWo-dimensional CMOS detector array, a tWo-dimen 
sional CCD detector array, a tWo-dimensional HgCdTe detec 
tor array, or a tWo-dimensional lnSb detector array. 

13. The spectrometer of claim 1, further comprising a 
sensor sensitive to IR radiation. 

14. A monolithic imaging spectrometer comprising: 
a body comprising a mass of substantially optically trans 

missive material; 
a ?rst curved re?ector, said ?rst re?ector being concave; 
a second curved re?ector, said second re?ector being con 

cave; and 
a curved re?ective grating, said re?ective grating being 

convex, 
Wherein said ?rst curved re?ector and said re?ective grat 

ing de?ne a ?rst optical path therebetWeen and said ?rst 
curved re?ector and said re?ective grating are disposed 
With respect to said body such that said ?rst optical path 
substantially comprises said substantially transmissive 
material, 

Wherein said ?rst curved re?ector and said second curved 
re?ector are disposed on convex portions of said body 
and said re?ective grating is disposed on a concave 
surface of said body, 

Wherein said re?ective grating is con?gured to re?ect 
broadband light having a bandWidth of at least about 200 
nanometers to the second curved re?ector via a second 
optical path comprising said substantially transmissive 
material, Wherein the broadband light is re?ected from 
the second curved re?ector onto an imaging detector 
array, and 

Wherein said body is substantially optically transmissive 
for Wavelengths in the visible region. 

15. The spectrometer of claim 14, Wherein said ?rst re?ec 
tor has a curvature de?ned by a ?rst sphere having a ?rst 
radius, said second re?ector has a curvature de?ned by a 
second sphere having a second radius, and said re?ective 
grating has a curvature de?ned by a third sphere having a third 
radius. 

16. The spectrometer of claim 14, Wherein the ?rst re?ector 
has a curvature de?ned by a ?rst radius of curvature and the 
re?ective grating has a curvature de?ned by a third radius of 
curvature and Wherein the third radius of curvature is about 
half the ?rst radius of curvature. 

17. The spectrometer of claim 14, Wherein the second 
re?ector has a curvature de?ned by a second radius of curva 
ture and the re?ective grating has a curvature de?ned by a 
third radius of curvature and Wherein the third radius of 
curvature is about half the second radius of curvature. 

18. The spectrometer of claim 14, Wherein the ?rst re?ector 
has a ?rst radius of curvature, the second re?ector has a 
second radius of curvature and the re?ective grating has a 
third radius of curvature and Wherein said third radius of 
curvature is about half the ?rst and second radii of curvature. 

19. The spectrometer of claim 14, further comprising a 
sensor sensitive to visible radiation. 

20. The spectrometer of claim 14, Wherein the re?ective 
grating is con?gured to re?ect a broadband light having a 
bandWidth of at least about 400 nanometers. 

21. The spectrometer of claim 14, further comprising a slit, 
light passing through said slit propagating to said ?rst curved 
re?ector and along said ?rst optical path to said grating. 

22. A monolithic imaging spectrometer comprising: 
a housing; 
a medium comprising substantially optically transmissive 

material; 
a ?rst curved re?ector, said ?rst re?ector being concave; 
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a second curved re?ector, said second re?ector being con 
cave; 

a concave surface on said medium; and 
a convex re?ective grating disposed on said concave sur 

face, said ?rst curved re?ector and said re?ective grating 
de?ning a ?rst optical path therebetWeen, said ?rst 
curved re?ector and said re?ective grating disposed With 
respect to each other and said medium such that said ?rst 
optical path substantially comprises said substantially 
transmissive material, 

Wherein said second curved re?ector is con?gured to 
re?ect light diffracted from said re?ective grating onto 
an imaging detector array, 

Wherein the ?rst and second re?ectors are disposed on 
curved portions of said substantially transmissive mate 
rial that are convex, and 

Wherein the siZe of the housing is no greater than 1000 
cubic centimeters. 

23. The spectrometer of claim 22, Wherein said ?rst re?ec 
tor has a curvature de?ned by a ?rst sphere having a ?rst 
radius, said second re?ector has a curvature de?ned by a 
second sphere having a second radius, and said re?ective 
grating has a curvature de?ned by a third sphere having a third 
radius. 

24. The spectrometer of claim 22, Wherein the ?rst re?ector 
has a curvature de?ned by a ?rst radius of curvature and the 
re?ective grating has a curvature de?ned by a third radius of 
curvature and Wherein the third radius of curvature is about 
half the ?rst radius of curvature. 

25. The spectrometer of claim 22, Wherein the second 
re?ector has a curvature de?ned by a second radius of curva 
ture and the re?ective grating has a curvature de?ned by a 
third radius of curvature and Wherein the third radius of 
curvature is about half the second radius of curvature. 

26. The spectrometer of claim 22, Wherein the ?rst re?ector 
has a ?rst radius of curvature, the second re?ector has a 
second radius of curvature and the re?ective grating has a 
third radius of curvature and Wherein said third radius of 
curvature is about half the ?rst and second radii of curvature. 

27. The spectrometer of claim 22, further comprising a slit 
disposed such that light propagating though said slit is 
re?ected from said ?rst re?ector to said re?ective grating. 

28. The spectrometer of 22, further comprising the imaging 
detector array, said imaging detector array disposed in a sec 
ond optical path extending from said re?ective grating to said 
detector, said second optical path substantially comprising 
said substantially transmissive material. 

29. The spectrometer of claim 22, Wherein the monolithic 
spectrometer is con?gured to operate Within the range of 
approximately 400 nm to approximately 1000 nm. 
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30. The spectrometer of claim 22, Wherein the monolithic 

spectrometer is con?gured to operate Within the range of 
approximately 900 nm to approximately 2500 nm. 

31. The spectrometer of claim 22, Wherein the monolithic 
spectrometer is con?gured to operate Within the range of 
approximately 3 um to approximately 5 um. 

32. The spectrometer of claim 22, Wherein the imaging 
monolithic spectrometer is con?gured to operate Within the 
range of approximately 8 um to approximately 12 um. 

33. The spectrometer of claim 22, Wherein the imaging 
detector comprises a sensor sensitive to IR radiation. 

34. The spectrometer of claim 22, Wherein the spectrom 
eter Weighs less than 2 pounds. 

35. A monolithic imaging spectrometer comprising: 
a body comprising a mass of substantially optically trans 

missive material; 
a ?rst curved re?ector, said ?rst re?ector being concave and 

having a radius of curvature; 
a second curved re?ector, said second re?ector being con 

cave and having a radius of curvature; and 
a curved re?ective grating, said re?ective grating being 

convex and having a radius of curvature, 
Wherein said ?rst curved re?ector and said re?ective grat 

ing de?ne a ?rst optical path therebetWeen and said ?rst 
curved re?ector and said re?ective grating are disposed 
With respect to said body such that said ?rst optical path 
substantially comprises said substantially transmissive 
material, 

Wherein said ?rst curved re?ector and said second curved 
re?ector are disposed on convex portions of said body 
and said re?ective grating is disposed on a concave 
surface of said body, and 

Wherein the radius of curvature of said curved re?ective 
grating is substantially half the radii of curvatures of said 
?rst and second curved re?ectors. 

36. The spectrometer of claim 1, Wherein the ?rst re?ector, 
the second re?ector and the re?ective grating are spherical. 

37. The spectrometer of claim 1, Wherein the ?rst re?ector, 
the second re?ector and the re?ective grating are con?gured 
to provide unity magni?cation. 

38. The spectrometer of claim 1, Wherein the curvatures of 
the ?rst re?ector, the second re?ector and the re?ective grat 
ing are con?gured to correct the image for astigmatism and/or 
?eld curvature by compensating optical aberrations intro 
duced by one another. 

39. The spectrometer of claim 1, Wherein the spectrometer 
has a spectral resolution of less than about 5 nanometers. 

40. The spectrometer of claim 35, further comprising an 
imaging detector array. 

* * * * * 


